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Abstract
Morphologies and physical properties of ZnO nanomaterials synthesized by the solution
process are affected by many factors during synthesis. In this paper, three kinds of ZnO
nanostructures, namely nanostacks, nanorods and nanoflowers, were prepared by a solution
process using different Zn2+ concentration solutions. Crystal structures and luminescence
properties of the as-synthesized ZnO nanomaterials were then investigated. The growth
mechanisms of ZnO nanostructures have also been proposed.
1. Introduction
Semiconductor nanomaterials have attracted more and more
attention due to their unique optical and electronic properties.
ZnO nanomaterials have been considered to be promising
nanocompounds in the applications of nanooptoelectronics
and nanosensors due to the wide band gap (3.37 eV),
high excitonic binding energy (60 meV) and novel surface
chemical properties [1]. The synthesis of low-dimensional
ZnO nanostructures, for example nanorods, nanobelts and
nanoplatelets, has been reported recently [2]. The extensively
used technologies for the synthesis of ZnO nanomaterials
include solid vapour phase transport process [3], metal-organic
chemical vapour deposition (MOCVD) [4], combustion CVD
[5–7], molecular beam epitaxy (MBE) [8], thermal evaporation
[9], sputtering [10], sol–gel and solution processes [11–15].
Among these techniques, sol–gel and solution processes have
become popular as low cost, low growth temperature, easy
to scale-up and unbound growth methods. Moreover, they
allow the easy tailoring of synthesis parameters throughout
the whole process. Different ZnO nanostructures have been
prepared through the sol–gel or solution process under different
experimental conditions [11–15]. Since the synthesis route
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determines the later properties of the nanomaterials, the
preparation parameters chosen are thus a very important
factor when designing ZnO for different applications. In
order to rationally control the synthesized ZnO nanostructures
and understand the roles of the experimental parameters,
the growth mechanism should be fully investigated. In our
previous work, we proposed the growth mechanism of ZnO
nanomaterials in neutral and weak acidic solutions [16]. In this
paper, we extended our work to prepare ZnO nanostructures
on SiO2/Si substrates in strong acidic solutions. The crystal
structural and optical properties of the ZnO nanostructures
were investigated. The growth mechanisms for the formation
of ZnO nanostacks, nanorods and nanoflowers have also been
proposed based on the morphologies of products synthesized
at different Zn2+ concentration solutions and the growth
behaviour of wurtzite hexagonal ZnO in acidic solution
conditions. The results indicated that synthesis of different
ZnO nanostructures with different optical properties can be
easily realized by controlling the Zn2+ concentration in the
solutions.
2. Experimental procedures
The ZnO nanostructures were grown from aqueous solutions
prepared using zinc nitrate hexahydrate (Zn(NO3)2·6H2O)
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Figure 1. SEM photographs of the samples synthesized with different Zn2+ concentrations of (a) 0.001 M, (b) 0.005 M, (c) 0.01 M and
(d) 0.02 M. The insets are the high-magnification images.
as the starting material, deionized water as the solvent and
methenamine (C6H12N4) as the stabilizer. The solutions with
equal concentrations of 0.001 M, 0.005 M, 0.01 M and 0.02 M
of Zn(NO3)2·6H2O and C6H12N4 were prepared, respectively.
The pH values of all the aqueous solutions were adjusted
to 3.0 by nitric acid. Each solution was mixed thoroughly
by magnetic stirring for 2 h in a 60 ◦C water bath and then
placed in air for 24 h, at the end of which a clear and
homogeneous solution was obtained. SiO2/Si(1 0 0) substrates
were prepared by the standard Si cleaning process and the
thermal oxidation technique. The substrates were immersed
into the prepared solutions at 95 ◦C. After 2 h, the samples were
removed from the solutions and baked in an oven at 108 ◦C
for 10 min. The morphologies of the nanostructures were
characterized by secondary electron microscopy (SEM) using
a LEO-1530FE-SEM. The crystal structures were analysed
by x-ray diffraction (XRD) within the 2θ range of 20◦–80◦
at a scan rate of 0.0167◦ step−1, using a PANalytical X’pert
PRO x-ray diffractometer with a Cu Kα radiation source.
The optical emission studies on the ZnO nanostructures
were performed by a Hitachi F4500 photoluminescence (PL)
spectrophotometer.
3. Results and discussions
The SEM images illustrate the distinguishable morphologies
of the ZnO nanostructures synthesized in solutions with
Zn2+ concentrations of 0.001 M, 0.005 M, 0.01 M and 0.02 M,
as shown in figures 1(a)–(d) and their insets, respectively.
Figure 1(a) shows a cloudy material covering the substrate.
The high-magnification image in the inset of figure 1(a) does
not show any hexagonal structures of ZnO crystal. Stack-
like, rod-like and flower-like ZnO nanostructures are observed
in figures 1(b), (c) and (d), respectively. In figure 1(b),
the hexagonal ZnO nanostacks have uniform size and stack
together layer by layer. Their average diameter is about
400 nm (see the inset picture in figure 1(b)). ZnO nanorods
are observed in figure 1(c) in hexagonal prismatic shape
with diameter tapering from ∼300 nm in the middle of the
nanorods to ∼100 nm at the ends. In figure 1(d), ZnO
nanoflowers consisting of several nanorods grown from a
common nucleation site are found. The diameter of each
ZnO nanorod in a nanoflower decreases from the common
joint till the end. In order to analyse the surface chemical
composition of the sample synthesized in the solution with
a Zn2+ concentration of 0.001 M, an energy-dispersive x-
ray (EDX) characterization was performed, which is shown
in figure 2. Five peaks have been clearly observed in the
spectrum, which are related to zinc, oxygen and silicon. The
presence of the silicon peak is attributed to the silicon substrate.
No other contaminations are detected.
The XRD patterns for the above samples are illustrated
in figure 3. The ZnO sample synthesized in the solution
with the Zn2+ concentrations of 0.001 M is not characterized
with any diffraction peaks except for those from the SiO2/Si
substrate. This means that the ZnO synthesized in very low
Zn2+ concentration is amorphous. Besides the diffraction
peaks from the substrate, two additional peaks at 34.34◦ and
36.23◦ are observed on the stack-like ZnO sample prepared
in the 0.005M Zn2+ concentration solution. These two peaks
correspond to the (0 0 2) and (1 0 1) planes of wurtzite ZnO,
respectively, according to the JCPDS 36-1451. A new strong
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Figure 2. EDX spectrometry of ZnO prepared in the solution with
the Zn2+ concentration of 0.001 M.
Figure 3. XRD patterns of ZnO nanomaterials synthesized in
solutions with different Zn2+ concentrations.
ZnO diffraction peak at 31.78◦ is found on both ZnO nanorods
and nanoflowers samples, which corresponds to wurtzite ZnO
(1 0 0) planes. No detectable peaks from impurity phases
such as Zn or Zn(OH)2 are observed in this study. These
results indicate that only single-phase ZnO with hexagonal
structure is present in these three samples produced in solutions
with a Zn2+ concentration higher than 0.001 M. Based on the
XRD and SEM data, it is evident that different hexagonal
ZnO nanostructures can be produced by adjusting the Zn2+
concentration in solutions.
In order to understand the chemical processes involved
in the growth of ZnO nanostructures in aqueous solutions, it
is necessary to summarize the solution chemical reactions. It
is known that zinc nitrate hexahydrate is a salt of amphoteric
zinc oxide and nitric acid. Upon its dissolving in water, zinc
nitrate hexahydrate is ionized to produce zinc and nitrate ions
as illustrated below,
Zn(NO3)2 · 6H2O + H2O → Zn2+ + 2NO−3 + 7H2O. (1)
During the synthesis, methenamine acts as a stabilizer to slow
the supply of OH− ions in the solutions [17]. This can be
explained by the chemical reaction below:
(CH2)6N4+6H2O → 6HCHO + 4NH3, (2)
NH3+H2O → NH+4+OH−. (3)
As the concentrations of the Zn2+ and OH− ions exceed a
critical value, the precipitation of ZnO nuclei starts via these
chemical reactions as follows [18, 19]:
Zn2++2OH− → Zn(OH)2, (4)
Zn(OH)2+2OH
− → Zn(OH)2−4 , (5)
Zn(OH)2−4 → ZnO + H2O + 2OH−. (6)
It is believed that crystal formation in a solution can be
divided into two stages: a crystal nucleation and a subsequent
crystal growth. The latter process can also be understood as
growth units diffusing in the solution and adsorbed on the
nuclei [19]. The morphology and orientation of the obtained
crystal depend on the nucleation rate as well as the crystal
growth rate. In general, the nucleation rate rises with the
concentration of Zn2+ cations. Below a critical concentration
of Zn2+ cations, nucleation cannot take place in a solution and
no crystal can grow. That is the reason why no crystalline
ZnO is characterized by XRD for the sample synthesized
in a Zn2+ concentration of 0.001 M solution. As the Zn2+
concentration increases above 0.005 M, nucleation may take
place and crystal ZnO grows. By studying the SEM images
in figures 1(b) and (c), it can be found that both samples
show a hexagonal cross section in the ZnO nanostacks and
nanorods. Figure 1(b) shows short and fat stack-like ZnO
nanocrystals, while the ZnO nanorods in figure 1(c) show a
slender appearance with tapered length from the middle to
both ends. ZnO is a kind of polar crystal; its polar axis
is along the c-axis (〈0 0 1〉). Zinc and oxygen atoms are
preferably arranged alternatively along the c-axis. Polar faces
with surface dipoles are thermodynamically less stable than
non-polar faces and tend to grow more rapidly [17]. The
growth velocities of the ZnO crystals in different directions
are V〈0 0 1〉 > V〈0 1 1〉 > V〈0 1 0〉 > V〈0 1 1〉 > V〈0 0 1〉 under
hydrothermal conditions [17, 20]. Once ZnO nuclei appear,
growth units diffusing in a solution will be adsorbed on the
nuclei. In aqueous solution, it is generally assumed that the
growth unit is Zn(OH)2−4 [18, 20]. In lower concentration
Zn(OH)2−4 solution (e.g. 0.005 M), the crystal growth rate along
the c-axis is relatively slow. In addition, in the strong acidic
solution, H+ ions will react with OH− ions, which will further
inhibit the growth rate along the c-axis, but the influence
on the growth rate along the a- and b-axes is smaller [16].
This is why short-fat ZnO nanostacks were produced and
no (1 0 0) diffraction peak was found in the relevant XRD
pattern. When the concentration increases to 0.01 M, growth
velocity steps up and ZnO crystal grows easily along the
fastest growth direction 〈0 0 1〉, resulting in the formation of
long ZnO nanorods and the strong XRD peak at 31.78◦. If
the concentration of Zn(OH)2−4 further increases to 0.02 M,
the nucleation rate and the crystal growth velocity are both
further improved. In this stage, it is probably that several ZnO
nuclei aggregate together under the electrostatic force, surface
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Figure 4. Schematic diagram of ZnO crystal growth mechanisms in
different Zn2+ concentrations solutions.
Figure 5. Room-temperature PL spectra of the ZnO nanostructures
produced in different Zn2+ concentration solutions.
energy and so on. In the subsequent process, each nucleus in
the aggregation grows along its c-axis. So the final product
comprises several nanorods sharing a common nucleation site,
which is like a nanorod flower. One may notice that the centre
diameter of the nanorods in figure 1(c) is smaller than that in
figure 1(d). The growths of ZnO crystal in different directions
are competitive reactions, it is reasonable that the fast growth
in the 〈0 0 1〉 direction will slow the growth in other directions
(e.g. 〈1 1 0〉 and 〈0 1 0〉) if the Zn2+ source in the solution is
not sufficient. This is the reason why the strong suppressing
of the lateral growth is found in 0.01 M Zn2+ solution but not
in the 0.02 M Zn2+ solution. The schematic growth processes
discussed above are illustrated in figure 4.
Figure 5 shows the typical room-temperature PL spectra
of the above mentioned ZnO nanostructures. Three emission
bands could be resolved in these spectra: UV emission, blue
emission and green emission bands, located at around 380 nm,
460 nm and 530 nm, respectively. It was observed that the
UV emission is stronger compared with the blue and green
emissions. The UV emission, known as near band edge
(NBE) emission, is commonly attributed to the recombination
of free excitons through an exciton–exciton collision process
[17, 21]. It has been reported that the crystal quality of the
ZnO nanostructures is an important factor for the appearance
of a high UV emission and hence an improvement in the
crystal quality can enhance the intensity of the UV emission
[13]. With regard to the high intensities of the UV emission
in all samples, it can be concluded that the prepared ZnO
nanostructures have good crystal quality. A similar blue
emission has been observed by Fu et al [22]. In general, the
blue emission peak is related to the oxygen or zinc defects
generated in the process of the growth of ZnO instead of
impurities [23–27]. The green emission has been ascribed
to intrinsic oxygen vacancy defects [28, 29]. Our study cannot
clarify the mechanism behind the blue and green emission,
but our results show that along with the ZnO nanostructures
growing from short and fat nanostacks to elongated nanorods,
the intensities of the blue and green emissions are depressed.
This suggests that the defects related to the blue and green
emission are diminished as the concentration of Zn2+ increases.
4. Conclusions
In summary, three different ZnO nanostructures were grown
in acidic solutions of pH = 3.0 by simply controlling the
concentrations of Zn(NO3)2·6H2O using an aqueous solution
method. By increasing the concentrations of Zn(NO3)2·6H2O
and C6H12N4 in the initial solutions, ZnO nanocrystals can be
varied from short fat hexagonal nanostacks to slender nanorods
and then to nanoflowers. The nucleation rate and the crystal
growth velocity play important roles in the growth behaviour
and result in different ZnO nanostructures. This method might
offer a new opportunity for manipulating the morphologies of
ZnO nanocrystals. The prepared ZnO nanostructures exhibit
a strong UV emission in the PL spectra at room temperature,
and undergo a depression of blue and green emissions along
with the ZnO nanostructures growing from the form of short
fat nanostacks to elongated nanorods and nanoflowers.
Acknowledgments
The work was financially supported by the Ministry of
Science and Technology of China (No 2009CB930700) and
the International Cooperation Project of the Natural Science
Foundation of China (No 20620130427).
References
[1] Ozgur U, Alivov Y I, Liu C, Teke A, Reshchikov M A,
Dogan S, Avrutin V, Cho S J and Morkoc H 2005 J. Appl.
Phys. 98 041301
[2] Wang Z L 2007 Appl. Phys. A 88 7
[3] Gao P X and Wang Z L 2005 J. Appl. Phys. 97 044304
[4] Shiao W Y et al 2006 J. Appl. Phys. 99 054301
[5] Li Z Y, Xu F C, Wu Q H and Li J 2008 Appl. Surf. Sci.
255 2859
4
J. Phys. D: Appl. Phys. 42 (2009) 215401 G He et al
[6] Liu Y and Liu M L 2007 J. Nanosci. Nanotechnol. 7 4529
[7] Liu Y, Dong J and Liu M L 2005 J. Mater. Chem. 15 2316
[8] Heo Y W, Tien L C, Norton D P, Kang B S, Ren F, Gila B P
and Pearton S J 2004 Appl. Phys. Lett. 85 2002
[9] Yao B D, Chan Y F and Wang N 2002 Appl. Phys. Lett. 81 757
[10] Sauberlich F, Frische J, Hunger R and Klein A 2003 Thin Solid
Films 431 378
[11] He H, Wang Y and Zou Y 2003 J. Phys. D: Appl. Phys.
36 2972
[12] Fu Z, Yang B, Li L, Dong W, Jia C and Wu W 2003 J. Phys.
Condens. Matter 15 2867
[13] Zhang Y, Lin B, Fu Z, Liu C and Han W 2006 Opt. Mater.
28 1192
[14] Oral A Y, Bahsi Z B and Aslan M H 2007 Appl. Surf. Sci.
253 4593
[15] Hua G, Zhang Y, Ye C, Wang M and Zhang L 2007
Nanotechnology 18 145605
[16] Li J, Srinivasan S, He G N, Kang J Y, Wu S T and Ponce F A
2008 J. Cryst. Growth 310 599
[17] Ahsanulhaq Q, Umar A and Hahn Y B 2007 Nanotechnology
18 115603
[18] Govender K, Boyle D S, Kenway P B and O’Brien P 2004
J. Mater. Chem. 14 2575
[19] Li P, Liu H, Zhang Y F, Wei Y and Wang X K 2007 Mater.
Chem. Phys. 106 63
[20] Li W J, Shi E W, Zhong W Z and Yin Z W 1999 J. Cryst.
Growth 203 186
[21] Umar A, Karunagaran B, Suh E K and Hahn Y B 2006
Nanotechnology 17 4072
[22] Fu Z, Lin B, Liao G and Wu Z 1998 J. Cryst. Growth
193 316
[23] Shi C, Fu Z, Guo C, Ye X, Wei Y, Deng J, Shi J and Zhang G
1999 J. Electron Spectrosc. Relat. Phenom. 101–103 629
[24] Oba F, Nishitani S R, Isotani S, Adachi H and Tanaka I 2001
J. Appl. Phys. 90 824
[25] Zhang S B, Wei S H and Zunger A 2001 Phys. Rev. B
63 075205
[26] Fang Z, Wang Y, Xu D, Tan Y and Liu X 2004 Opt. Mater.
26 239
[27] Dai L, Chen X L, Wang W J, Zhou T and Hu B Q 2003
J. Phys. Condens. Matter 15 2221
[28] Vanheusden K, Warren W L, Seager C H, Tallant D R,
Voigt J A and Gnade B E 1996 J. Appl. Phys. 79 7983
[29] Wu X L, Siu G G, Fu C L and Ong H C 2001 Appl. Phys. Lett.
78 2285
5
